Background: Flavonoids are natural compounds capable of modulating signaling pathways in a variety of biological processes. Results: Isoquercitrin inhibits canonical Wnt signaling in Xenopus embryos downstream of ␤-catenin and impairs the growth in colon cancer cells in vitro, without cytotoxic effects. Conclusion: Isoquercitrin inhibits Wnt/␤-catenin pathway and the growth of colon cancer cells in vitro. Significance: Isoquercitrin should be further investigated as a potential anti-tumoral agent targeting Wnt/␤-catenin signaling.
Flavonoids are plant-derived polyphenolic molecules that have potential biological effects including anti-oxidative, antiinflammatory, anti-viral, and anti-tumoral effects. These effects are related to the ability of flavonoids to modulate signaling pathways, such as the canonical Wnt signaling pathway. This pathway controls many aspects of embryonic development and tissue maintenance and has been found to be deregulated in a range of human cancers. We performed several in vivo assays in Xenopus embryos, a functional model of canonical Wnt signaling studies, and also used in vitro models, to investigate whether isoquercitrin affects Wnt/␤-catenin signaling. Our data provide strong support for an inhibitory effect of isoquercitrin on Wnt/ ␤-catenin, where the flavonoid acts downstream of ␤-catenin translocation to the nuclei. Isoquercitrin affects Xenopus axis establishment, reverses double axes and the LiCl hyperdorsalization phenotype, and reduces Xnr3 expression. In addition, this flavonoid shows anti-tumoral effects on colon cancer cells (SW480, DLD-1, and HCT116), whereas exerting no significant effect on non-tumor colon cell (IEC-18), suggesting a specific effect in tumor cells in vitro. Taken together, our data indicate that isoquercitrin is an inhibitor of Wnt/␤-catenin and should be further investigated as a potential novel anti-tumoral agent.
Flavonoids are plant-derived polyphenolic molecules. They have potential biological effects including anti-oxidative, antiinflammatory, anti-viral, and anti-tumoral effects, in addition to prevention of cardiovascular diseases (1) . Flavonoids are modulators of several cellular signaling pathways such as the Wnt/␤-catenin pathway (canonical Wnt signaling) (2, 3) . This signaling pathway controls many aspects of embryonic devel-opment as it plays a major role in embryonic axis determination and tissue maintenance (4 -6) .
In the absence of the Wnt ligand, cytoplasmic ␤-catenin is targeted for destruction via phosphorylation and proteasomal degradation (7) . ␤-Catenin is a key component of the canonical Wnt signaling pathway. Activation of frizzled receptors and the co-receptor low-density lipoprotein-related receptor 5/6 (LRP5/6) by Wnt ligands disrupts this destruction complex. In this situation, ␤-catenin is translocated to the nucleus, where it associates with the T-cell factor/lymphoid enhancer factor (TCF/LEF) to activate specific Wnt target genes (7, 8) .
Wnt signaling deregulation leads to several developmental defects and has been linked to many types of cancer in humans (9, 10) . In the last decade, effects of flavonoids on modulation of Wnt/␤-catenin signaling have been the focus of many studies. These molecules act on different components of the Wnt signaling pathway, such as Dkk1 (11) , Gsk3-␤ (12) , Dsh (13) , and ␤-catenin/TCF/LEF (3, 14, 15) . Recently, we characterized in vivo effects of the flavonoid quercetin as a negative modulator of the Wnt/␤-catenin signaling pathway in Xenopus embryos (15) . We also observed that quercetin shows high and nonspecific toxicity.
Our previous data have shown that isoquercitrin, which is derived from quercetin, affects the proliferation of glioblastoma cells, with lower toxicity (16) . These anti-proliferative effects were accompanied by changes in ␤-catenin cellular localization, suggesting that Wnt/␤-catenin signaling might be altered by this flavonoid (16) .
Hence, we conducted a series of in vivo assays in Xenopus embryos to investigate whether isoquercitrin has an effect on Wnt/␤-catenin signaling. The use of Xenopus allows a fast and clear functional reading on the role of small molecules in this signaling pathway (11, 15, 16) . In addition, we monitored cell growth, death, migration, and toxicity of colon cancer cells upon isoquercitrin treatment. Taken together, our data indicate that isoquercitrin acts as an inhibitor of Wnt/␤-catenin in Xenopus embryo experiments (in vivo) and in vitro and thus should be further investigated as a potential anti-tumoral agent.
EXPERIMENTAL PROCEDURES
Embryo Manipulations-Adult frogs (Nasco Inc.) were stimulated with 1000 IU human chorionic gonadotropin (Ferring Pharmaceuticals, Kiel, Germany). Xenopus embryos were obtained by in vitro fertilization and staged according to Nieuwkoop and Farber (17) . We treated the embryos with flavonoids and performed the embryo manipulations according to Amado et al. (15) .
Histological Analysis-For histological staining, Xenopus embryos were fixed in Bouin's fixative (Sigma-Aldrich), dehydrated, embedded in Paraplast Plus (Sigma-Aldrich), sectioned at 7 m, dewaxed, and stained with hematoxylin and eosin as described by Reis et al. (18) .
In Luciferase Assay-Four-cell-stage embryos were injected into the ventral or dorsal marginal zone with 300 pg of luciferase reporter plasmid (S01234-Luc) and 50 pg of TK-Renilla, alone or in combination with 10 pg of xWnt8, 500 pg of LRP6, 200 pg of ␤-catenin WT, 50 pg of ␤-catenin S33A, and 500 pg of Lef1 ⌬N VP16 mRNA. After microinjection, embryos were treated with flavonoids until sibling control embryos reached stage 10.5. Triplicates of four embryos were lysed according to the manufacturer's protocol (Dual-Luciferase reporter system, Promega), and 20 l of embryo lysate was used for luciferase detection.
LiCl Treatment-Dorsalized embryos were obtained by LiCl treatment as described previously by Kao et al. (21) . Four-cellstage embryos were treated with flavonoids at 75 and 150 M, whereas controls were treated with 1% DMSO. 2 When embryos reached the 32-cell stage, they were treated with 0.3 M LiCl in 0.1ϫ Barth for 15 min and then thoroughly washed in 0.1ϫ Barth. After LiCl treatment, embryos were treated again with flavonoids, and the control embryos were treated with 1% DMSO until stage 10.5. Then the flavonoids or DMSO were removed and the embryos were cultured until stage 32. Axis phenotypes were scored by the dorsal-anterior index (DAI) (21) .
Western Blotting Analysis-Lysate samples from flavonoid HCT-116-treated cells at 75 and 150 M were harvested in a sample buffer (0.02 mmol/liter dithiothreitol; 1.38 mmol/liter sodium dodecyl sulfate; 125 mmol/liter Tris-HCl, pH 6.8; and 20% glycerol). Protein was quantified by the Lowry method, and 10 mg of the total lysate was loaded in 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and then electroblotted and transferred to a polyvinylidene fluoride membrane (Hybond-P TM , Amersham Biosciences, São Paulo, Brazil). Membranes were pre-blocked in 5% nonfat dry milk in Trisbuffered saline, 0.001% Tween 20 for 1 h and then incubated overnight with anti-cyclin D1 (1:2000, Cell Signaling), anti-PCNA (1:2000 Cell Signaling), anti-cleaved caspase-3 (1:500, Cell Signaling), anti-␤-catenin (1:1000, Sigma), anti-lamin (1:1000, Cell Signaling), and anti-␣-tubulin (1:5000, Sigma) primary antibodies previously diluted in Tris-buffered saline, 0.001% Tween 20, 5% nonfat milk. Secondary antibodies conjugated with horseradish peroxidase were used to probe the membranes, and the reaction was visualized using a Pierce Fast Western blot kit, SuperSignal West Pico chemiluminescent substrate.
MTT Assay-3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl tetrazoliumbromide (MTT) was used to assay mitochondrial activity in viable cells. Cells were plated at a concentration of 1.0 ϫ 10 4 cells/well in 96-well tissue culture plates in a medium containing 10% fetal bovine serum and cultured for 24 h. Next, cells were treated for 24 h with different concentrations of flavonoids (12.5, 25, 50, 75, 150, 200 M) . MTT was added to each well at a final concentration of 0.5 mg/ml 2 h before cell harvesting. The formazan reaction product was dissolved with 100% DMSO and quantified spectrophotometrically at 570 nm using a UV-visible system.
Immunocytochemistry-Immunostaining was performed as described by Garcia-Abreu et al. (22) . Briefly, cells were fixed in 4% paraformaldehyde in PBS at pH 7.6, washed with PBS, and permeabilized with 0.1% Triton X-100 in PBS for 5 min. Samples were then blocked for 1 h with PBS containing 5% bovine serum albumin. A rabbit anti-␤-catenin (1:200, Sigma) and anti-␣-tubulin (1:500, Sigma) primary antibody were incubated for 1 h at room temperature. Specific secondary antibodies conjugated with Cy3 fluorochrome and FITC fluorochrome (1:10,000, Invitrogen) were incubated for 1 h at room temperature. After PBS washes, slides were mounted and observed in a Nikon TE 2000 inverted microscope (Melville, NY). Images were captured using a CoolSNAP-Pro (Media Cybernetics, Bethesda, MD) digital camera.
Flavonoid Treatment of Cells-In this study, we used human colon cancer HCT-116, SW480, DLD-1, and non-tumor cell IEC-18. Low-passage cells were cultured in Dulbecco's modified Eagle's medium until 70% confluence was reached. HCT-116 cells were treated with flavonoid isoquercitrin for 24 h at concentrations of 75 and 150 M. DMSO (used as a vehicle to solubilize the flavonoids) was added to control cultures at 1% v/v. To stimulate the Wnt pathway, cells were treated with Wnt3a-conditioned medium (CM) for 6 h at 25% of conditioned medium. Cells were co-treated with Wnt3a-CM and isoquercitrin for 6 h at 75 or 150 M.
Proliferation Assay-In this study, we used human colon cancer HCT-116, SW480, DLD-1, and non-tumor cell IEC-18. (ATCC). Low-passage cells were cultured in Dulbecco's modified Eagle's medium until 70% confluence was reached. For the proliferation assay, HCT-116 cells were treated with isoquercitrin for 24 h at 150 M, and a Click-it EdU (Life Technologies) assay was performed according to the manufacturer's protocol. DMSO was used as a vehicle to solubilize the flavonoids and was added to control cultures at 1,5% v/v. Scratch Assays-Confluent SW480, HCT116, DLD-1, and IEC-18 cell cultures in 12-well plates were treated with 150 M isoquercitrin. A line down the center of each well was scraped with a p200 pipette tip followed by a wash to remove debris. Images were taken at 0 h, scratch widths were measured, and wound closure was calculated by dividing widths measured after 18 h of incubation by the initial scraped width. Each experiment was carried out in triplicate, and three fields were counted per well by scorers blinded to experimental conditions.
Statistics-The figures show the mean of n ϭ 3 replicates; standard error and significance (p value) were determined by paired Mann-Whitney test (GraphPad Prism Software, version 5.03).
RESULTS
Isoquercitrin Induces Axial Defects in Xenopus Embryos-Previous results from our group showed that the flavonoid isoquercitrin changes ␤-catenin cellular localization in glioblastoma cells (15) . Modification of components of the Wnt/␤catenin pathway at a specific time point during frog development can cause axis defects (4). Therefore, to investigate whether isoquercitrin affects Wnt/␤-catenin signaling, we performed Xenopus embryo experiments. Four-cell-stage Xenopus embryos were treated with isoquercitrin ( Fig. 1A) to investigate its function in affecting axis development. Morphological analysis showed that isoquercitrin treatment induced a strong abnormal phenotype in which embryos lacked dorsal-anterior structures ( Fig. 1 , C-F). We noted that 26% of embryos were unaffected, 33% displayed reduced eyes, 23% were microcephalic, and 18% were acephalic, where no head structure was observed ( Fig. 1 , B-F, and Table 1 ). The MTT assay revealed that isoquercitrin did not affect the viability of treated embryos (data not shown). Histological analysis reinforced the morphological observations because dorsal structures were absent, such as the neural tube and notochord ( Fig. 1, G-H) . We also analyzed gene expression in anterior and posterior markers by in situ hybridization and PCR. We observed that the anterior markers bf1 (forebrain), rx2 (eyes), and krox20 (rhombomeres 3 and 5) had the expression domains reduced, but the posterior marker HoxB9 (spinal cord) was not affected by flavonoid treatment ( Fig. 1 , I-P, and Table 2 ). We also observed through RT-PCR that expression of dorsal-anterior markers Chordin and Otx2 was lower, whereas the ventral marker xvent1 was not affected. Taken together, these results show that isoquercitrin treatment significantly affected Xenopus embryo development, most likely by disturbing axial patterning.
Isoquercitrin Inhibits Wnt/␤-Catenin-The disturbance of axial patterning of Xenopus embryos suggested modulation of the canonical Wnt signaling pathway. Our previous study suggested that isoquercitrin changes ␤-catenin cellular localization (16) . To test this hypothesis, we conducted a siamois reporter assay (S01234-Lux) for the Wnt/␤-catenin pathway in Xenopus embryos (23) . To induce canonical Wnt signaling, xWnt8 mRNA was injected and showed almost 10.0-fold induction of luciferase siamois reporter activity ( Fig. 2A) . The induction of the gene reporter was reduced after treatment with isoquercitrin, reaching 5.0-fold less than the control ( Fig. 2A) . Similar experiments were performed by using RKO-BAR/Renilla cells. These cells were incubated with Wnt3a-CM and treated with increasing concentrations of isoquercitrin (12.5, 25, 50, 75, 150, 200 M) . The treatment significantly inhibited gene reporter activity in a concentration-dependent manner, reaching 70% reduction in activity when cells were treated with 200 M of the flavonoid (Fig. 2B) . Isoquercitrin also significantly decreased the endogenous expression of xnr3, a specific target of Wnt/␤-catenin signaling. However, isoquercitrin was not able to affect expression of xbra, a pan-mesodermal marker that is a nodal target gene (24) (Fig. 2C) . These data reinforce the idea that the flavonoid isoquercitrin acts as an inhibitor of Wnt/␤-catenin signaling.
Isoquercitrin Inhibits Ectopic Axis Formation and Rescues Lithium Chloride-dorsalized Embryos-The ventral injection of xWnt8 mRNA in Xenopus embryos induced 94% secondary axis formation (Fig. 3 , A-C). With this in mind, we analyzed the capability of isoquercitrin to affect the ectopic axis formation induced by xWnt8. In fact, the presence of isoquercitrin reduced secondary axis formation (Fig. 3 , A-C). As shown in Fig. 3D , 55% of embryos displayed an ectopic axis and only 17% displayed a complete double axis. Consistently, RT-PCR analysis of animal cap explants revealed that isoquercitrin treatment reduced the xnr3 mRNA induction by activators of Wnt (Fig.  3E ). To substantiate our results, we used another standard method to analyze the canonical Wnt signaling pathway in DECEMBER 19, 2014 • VOLUME 289 • NUMBER 51
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Xenopus embryos, the LiCl assay. LiCl is an inhibitor of GSK3-␤, a key kinase involved in phosphorylation of ␤-catenin.
As a consequence of LiCl treatment, embryos become hyperdorsalized. The LiCl assay was performed in embryos and scored according to the DAI (21) . Isoquercitrin was able to counteract the LiCl-dorsalized embryos phenotype and showed a DAI close to 5 (Fig. 3, G-J) whereas LiCl-treated embryos showed a DAI close to 7.4 (Fig. 3, G and J) . These data suggest that isoquercitrin is able to inhibit in vivo canonical Wnt signaling stimulation as well as LiCl-induced dorsalization in Xenopus embryos. Isoquercitrin Affects Canonical Wnt Signaling Downstream of ␤-Catenin Nucleus Translocation-Knowing that isoquercitrin inhibits the in vivo and in vitro Wnt/␤-catenin signaling pathway, we asked where in the canonical Wnt pathway the flavonoid exerts its effect. To answer this question, we performed an epistasis analysis using specific activators of different points in the Wnt/␤-catenin pathway. A Wnt/␤-catenin-specific sia-mois reporter was co-injected with Wnt activators, followed by isoquercitrin treatment. Treatment with isoquercitrin was able to reduce signaling activation induced by Wnt8, LRP6, ␤-catenin WT, and ␤-catenin S33A mRNA, a stabilized form of ␤-catenin that is constantly translocated to the nuclei (Fig. 4 ) (25) . However, when embryos were injected with a constitutive active Lef1 form (26) , Lef1 ⌬N VP16 mRNA, isoquercitrin was not able to inhibit Wnt pathway stimulation (Fig. 4) . These data suggest that isoquercitrin acts downstream of the ␤-catenin nuclear translocation.
Isoquercitrin Affects ␤-Catenin Phosphorylation in Colon Cancer Cells-The Wnt/␤-catenin pathway is constitutively activated in more than 80% of human colon cancers (27) . As isoquercitrin inhibited canonical Wnt signaling in the Xenopus experiments, we asked whether it could change the phosphorylation status of ␤-catenin in colon cancer cells. Isoquercitrin treatment of colon cancer cell lines DLD-1, HCT116, and SW480 increased the level of phosphorylated ␤-catenin ( Fig.   FIGURE 3 . Isoquercitrin inhibits ectopic axis formation and rescues lithium chloride-dorsalized embryos. A-C, phenotypes of axis patterning induced by ventral xwnt8 injection. Note that embryos display one axis, or an incomplete or complete secondary axis. D, isoquercitrin (Isoq.) treatment reduced ectopic axis formation. Uninj., uninjected. E, isoquercitrin-treated or untreated animal cap explants were injected with xWnt8, LRP6, or ␤-catenin. mRNA levels of xnr3 and the loading ef1␣ were analyzed by RT-PCR. F-I, LiCl assay phenotypes. J, graph displays a DAI index after LiCl and isoquercitrin treatment. Note that isoquercitrin reduces the DAI of lithium chloride-dorsalized embryos from approximately 7.4 to 5. WE, whole embryo. 5A), whereas total ␤-catenin was less reduced in HCT116 and SW480 or unaffected in DLD-1 (Fig. 5B) . Consistently, when we analyzed the ratio of phosphorylated-␤-catenin to total ␤-catenin in each colon cancer cell line, we found that isoquer-citrin caused a significant increase in levels of phosphorylated-␤-catenin (Fig. 5D ). Because the effect on HCT116 cells was remarkable, we used this cell line to analyze ␤-catenin localization and levels of cyclin D1, a Wnt/␤-catenin target gene, in HCT116 (29) (Fig. 6 ). We showed that isoquercitrin affects ␤-catenin localization, inducing accumulation of large amounts in the cytoplasm while decreasing ␤-catenin in the nucleus (Fig. 6A ). In addition, isoquercitrin also reduces the levels of cyclin D1 in HCT-116 cells (Fig. 6B) . Consistently, in the HCT116 cell line, the PCNA level was decreased after isoquercitrin treatment in a dose-dependent manner (Fig. 6, C and  D) . These data support an inhibitory effect of isoquercitrin on Wnt/␤-catenin signaling in colon cancer cell lines.
Isoquercitrin Showed No Toxic Effects on Colon Cancer Cells-As we observed an inhibition of Wnt/␤-catenin in colon cancer cell lines, we next asked what would be the effects of this inhibition on colon cancer cells and on the non-tumoral colon cell line IEC-18. First, we performed immunocytochemistry against ␣-tubulin and performed an MTT assay to evaluate the morphology and viability, respectively, of these cells after isoquercitrin treatment (Fig. 7) . Isoquercitrin did not affect the cell morphology in all cell lines analyzed (Fig. 7, A-H) or cell viability after 24 -72 h of isoquercitrin treatment (Fig. 7, I-L) . We compared the effects of isoquercitrin, quercetin, and rutin on HCT116 cells. Quercetin is a well known flavonoid with a num- DECEMBER 19, 2014 • VOLUME 289 • NUMBER 51
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ber of biological effects that have been well described (15, 28) . Rutin is a flavonoid that has little effect on tumor cells (3, 16) . Quercetin impaired cell viability after 12 h of treatment ( Fig.  7M) and dramatically decreased the number of cells in culture after 24 h (Fig. 7N ). However, neither isoquercitrin nor rutin affected cell viability after 48 h of treatment (Fig. 7M) . The cytotoxic effect of quercetin was accompanied by changes in cell morphology in HCT116, SW480, and DLD-1 (not shown). These data show that exposure of colon cancer cells to isoquercitrin did not show any apparent toxic effect, according to the tests we applied.
Isoquercitrin Suppressed Cell Proliferation in Colon Cancer Cells but Did Not Affect Non-tumoral Colon Cells-To investigate whether isoquercitrin treatment affects cell proliferation, we performed a cell proliferation assay (Click-it EdU assay). Isoquercitrin significantly decreased cell proliferation in all tumor cell lines analyzed (Fig. 8 ). The SW480 cell line treated with DMSO showed a 40% proliferation ratio. When these cells were treated with isoquercitrin for 24 h, the proliferation level decreased to ϳ24% (Fig. 8, A-E) . Consistently, the total number of cells in culture was decreased by nearly 50% (Fig. 8F) . Similarly, HCT-116 and DLD-1 cell lines treated with DMSO showed cell proliferation ratios of 39 and 42%, respectively (Fig. 8, G-K and M-Q) . After isoquercitrin treatment, the cell proliferation ratio decreased to 18 and 17%, respectively (Fig. 8, K and Q) . The total number of HCT116 and DLD1 cells was also reduced after isoquercitrin treatment (Fig. 8, L and R) . FIGURE 
Isoquercitrin affects ␤-catenin cell localization and Wnt target expressions and suppresses cell proliferation in HCT-116 colon cancer cells.
A, ␤-catenin level is increased in the cytoplasm after isoquercitrin (Isoq.) treatment in a dose-dependent manner, whereas it is decreased in the nucleus in the same condition. ␣-Tubulin and lamin were used as cytoplasm and nucleus loading controls, respectively. The Wnt signaling pathway was stimulated with Wnt-3a conditioned media (Wnt3a-CM). Quercetin (Quer.) was used as a known flavonoid able to inhibit the Wnt signaling pathway. B, cyclin D1 expression was decreased after isoquercitrin treatment in a dose-dependent manner. DMSO was used as control. C, Western blotting analysis PCNA expression. ␣-Tubulin was used as loading control. D, protein levels graph of PCNA. *, p Ͻ 0.05; ***, p Ͻ 0.001. A.U., arbitrary units.
We also observed that cell proliferation ratio of the nontumoral cell line IEC-18 did not change after DMSO or isoquercitrin treatment (Fig. 8, S-X) . Together these data show that isoquercitrin inhibits the growth of three colon cancer cell lines, but has no effect on a non-tumoral colon cell line, suggesting a specific effect on colon tumor cells.
Isoquercitrin Inhibits Cell Migration in Colon Cancer Cells-As isoquercitrin inhibited cell growth of colon cancer cell lines, we asked whether cell migration, another fundamental process deregulated in cancer cells, could be affected by the flavonoid treatment. To do this, DLD-1, HCT116, SW480, and IEC-18 cells were treated with isoquercitrin during a scratch assay ( Fig.  9 ). At 18 h after scratch, in DMSO-treated cells, the migration rates were 14, 13, 22 and 25% in SW480, DLD-1, HCT116, and IEC-18, respectively ( Fig. 9, A-H) . When these cells were treated with isoquercitrin, the migration was significantly reduced, to 8, 7, and 8% in SW480, DLD-1, and HCT116, respectively ( Fig. 9, I-K and M-O) . However, migration of IEC-18 cells was not affected after isoquercitrin treatment (Fig.  9, L and P) . These data indicate that isoquercitrin inhibited 
. Isoquercitrin shows no toxic effects on colon cancer cells and non-tumor colon cells.
A-H, immunochemistry against ␣-tubulin to analyze cell morphology. Cell morphology was not affected by isoquercitrin treatment. I-L, MTT assay measured at 0, 24, 48 and 72 h showed lower toxicity of isoquercitrin (Isoq.). M, MTT assay on HCT116 cells measured at 0, 6, 12, 24, and 48 h showed lower toxicity of isoquercitrin or rutin treatment, whereas quercetin treatment was toxic. N, total cell counts were reduced by isoquercitrin (Isoq.) and quercetin (Quer.) treatments but were not affected by rutin (Rut.) treatment. *, p Ͻ 0.05; ***, p Ͻ 0.001. Abs, absorbance.
FIGURE 8. Isoquercitrin suppresses cell proliferation in colon cancer cells but does not affect non-tumoral colon cells. Colon cancer cells were analyzed
by Click-it EdU assay to measure proliferation. Click-it EdU immunocytochemistry is shown for SW480 (A-D), HCT116 (G-J), DLD-1 (M-P), and IEC-18 (S-V) cells. Isoquercitrin (Isoq.) treatment significantly reduced cell proliferation in all colon cancer cell lines analyzed, but did not affect cell proliferation in non-tumor cell line IEC-18. E, in SW480 cells, the proliferation ratio decreased nearly to 24%. F, L, and R, total number of cells in SW480, HCT116, and DLD-1 also decreased nearly to 50%. K, in HCT116 cells, the proliferation ratio decreased nearly to 18%. Q, in DLD-1 cells, the proliferation ratio decreased nearly to 17%. W and X, in IEC18 cells, the proliferation ratio was not affected (W), and the total number of cells was unaffected (X) by isoquercitrin treatment. *, p Ͻ 0.05; **, p Ͻ 0.01. migration in these colon cancer cell lines, but had no apparent effect on the non-tumor colon cells.
DISCUSSION
In this study, we used in vivo and in vitro models to characterize isoquercitrin as an inhibitor of the Wnt/␤-catenin signaling pathway, acting downstream of ␤-catenin translocation to nuclei. Isoquercitrin treatment affected Xenopus axial patterning, reversed the Wnt8-induced double axis and the LiCl hyperdorsalization phenotype, reduced expression of the Wnt8 direct target gene, Xnr3, and increased ␤-catenin phosphorylation levels in cancer cells. In addition, this flavonoid impaired growth of colon cancer cells (DLD-1, HCT116, and SW480 cell lines) by inhibiting proliferation and migration with no apparent cytotoxic effect. These effects were not observed in nontumor colon cell line IEC-18.
In the last 10 years, several studies have reported that the anti-tumoral effects of flavonoids are related to their ability to modulate signaling pathways, including canonical Wnt signal-ing (2). In fact, we observed that isoquercitrin was able to affect axis establishment ( Fig. 1) and to rescue the ectopic axis formation induced by xWnt8 (Fig. 3) , which are Xenopus phenotypes associated with canonical Wnt signaling modulation (4, 15) . These findings are in agreement with an inhibitory action of isoquercitrin on Wnt/␤-catenin and provide evidence of an isoquercitrin effect in vivo.
Most colorectal carcinomas harbor genetic alterations that result in stabilization of ␤-catenin, leading to abnormal stimulation of canonical Wnt signaling (30, 31) . We used HCT-116, DLD-1, and SW480 cells that have mutations in components of Wnt/␤-catenin to investigate the cell growth inhibitory effects of isoquercitrin. We observed that isoquercitrin reduced cell proliferation and cell migration in all tumor cells tested. However, no effect was observed in nontumor cells ( Figs. 8 and 9 ). In addition, these effects were not accompanied by changes in cell morphology and showed lower toxicity (Fig. 7) . Isoquercitrin and quercetin share the same structural skeleton and are able to inhibit in vitro Wnt/␤-catenin signaling, and both have cell proliferation inhibition effects (15, 16) . However, quercetin induces high nonspecific toxicity in these cells (32, 33) .
Our data indicate that isoquercitrin is an inhibitor of canonical Wnt signaling, and for the first time we showed at which level in the Wnt pathway the flavonoid exerts its effect. The epistasis analysis showed that isoquercitrin inhibits the signaling downstream of ␤-catenin nuclear translocation as isoquercitrin reverses the effect of ␤-catenin S33A, which cannot be phosphorylated and avoids degradation. In that case, ␤-catenin S33A is constantly translocated to the nuclei, thereby activating the pathway (25) . The ␤-catenin S33A activation was inhibited by isoquercitrin, but not by Lef1⌬NVP16, which activated the pathway independently of ␤-catenin (26) (Fig. 4) . Additionally, isoquercitrin also affected ␤-catenin phosphorylation in colon cancer cells (Fig. 5 ). These data reinforce the supposition that the effect on the Wnt/␤-catenin signaling pathway was specific because our antibody recognizes two ␤-catenin phosphorylation sites (Ser-33 and Ser-37) specific for GSK3 phosphorylation (7) . Interestingly, previous studies showed that quercetin is also able to negatively modulate canonical Wnt signaling downstream of ␤-catenin by blocking its association with Tcf-4 (34). Thus, isoquercitrin and quercetin might share the same mechanism for canonical Wnt signaling inhibition despite the toxic effects of quercetin. This toxic effect was reconfirmed by the cell morphology and MTT data obtained in this study. Glycosylated flavonoids are known to be less toxic than their aglycone counterparts (36) . One possible reason for this lower toxicity is the different absorption and bioavailability of glycosylated flavonoids as the structure of the flavonoid seems to affect its absorption rate (35) (36) (37) . However, the mechanisms involved in this absorption are still poorly understood and should be investigated.
Currently, there is an active search for new modulators of the Wnt pathway, which may have a broad impact on biology and medicine. In this study, we observed that isoquercitrin combines two interesting aspects for anti-tumoral research. First, the flavonoid blocks the Wnt signaling, most likely at the nuclear complex, between ␤-catenin and TCF, which supports its potential to interfere with tumor growth in other cell types as most colon tumors accumulate ␤-catenin in the nucleus (27, 30, 31) . Second, isoquercitrin shows lower toxicity than quercetin, a known Wnt inhibitor already tested in clinical trials (38 -40) . These two main aspects provide strong support for further investigation of isoquercitrin as a potential novel anti-tumoral flavonoid.
In summary, our study dissected possible specific targets of isoquercitrin in Wnt/␤-catenin signaling. It thus supported the tumor cell growth effect in vitro of this glycosylated flavonoid. Additionally, this investigation added to the understanding of the Wnt/␤-catenin signaling pathway, which is known to be deregulated in many types of human cancer. Further investigation should be undertaken to understand the role of flavonoids as a potential novel class of anti-tumoral growth agents.
